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The generation of a fully valley-polarized current (FVPC) in bulk graphene is a fundamental goal
in valleytronics. To this end, we investigate valley-dependent transport through a strained graphene
modulated by a finite magnetic superlattice. It is found that this device allows a coexistence of
insulating transmission gap of one valley and metallic resonant band of the other. Accordingly, a
substantial bulk FVPC appears in a wide range of edge orientation and temperature, which can
be effectively tuned by structural parameters. A valley-resolved Hall configuration is designed to
measure the valley polarization degree of the filtered current.
The low-energy electronic elementary excitations in
bulk graphene originate from the out-plane pz-pz
hybridization.[1] Their massless energy dispersion is well
described by Dirac cones at the six corners of the Bril-
louin zone.[2] The six cones can be divided into two in-
equivalent groups labeled by the valley index K and K ′.
Intervalley coupling or scattering requires a rather large
change of the momentum and is thus suppressed in clean
graphene samples. This independence suggests that the
valley degree of freedom could be utilized as an informa-
tion carrier.[3–8]
How to generate a high-contrast valley population of
charge carriers is a fundamental goal of graphene val-
leytronics. Several proposed valley filters require ei-
ther a point contact with zigzag edges[3] or a break-
ing of the inversion symmetry.[4, 5] These factors may
break the specific bulk elementary excitation that is es-
sential for most of the excitement about graphene,[9, 10]
such as Klein tunneling, nonzero minimum conductivi-
ties, and half-integer quantum Hall effect. Therefore, sev-
eral schemes of valley filtering have been proposed based
on bulk graphene, utilizing either valley-dependent trig-
onal band warping,[6] or pseudo magnetic fields induced
by strain.[7] However, the generated valley polarization
is shown to be low even at zero temperature.
In this Letter we present a scheme to achieve a fully
valley-polarized current (FVPC) in bulk graphene. The
proposed valley filter is a strained graphene under a peri-
odic magnetic modulation [see Fig. 1(a)]. We show that,
the combination between the periodic magnetic field and
the strain can lead to a coexistence of insulating trans-
mission gap of one valley and metallic resonant band of
the other. Under this mechanism, the bulk FVPC sur-
vives in a wide range of edge orientation, temperature,
and structural parameters. We also discuss how to mea-
sure the valley polarization degree of the output current.
Suppose that the magnetic superlattice consists of
n ferromagnetic metal (FM) strips. Each FM strip
j (1 ≤ j ≤ n) has a size LF along the x direc-
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FIG. 1. (a) Schematic diagram of the strained graphene
modulated by a finite magnetic superlattice. The bulk
graphene sample is placed on a substrate in the (x,y) plane.
In the filtering region the substrate is subject to a uniaxial
tension along the x-direction. The periodic magnetic field is
created by a finite superlattice of n ferromagnetic metal (FM)
strips depositing on top of the filtering region. (b) The last
two unit cells of the superlattice (top view). To measure the
degree of the valley polarization, a gapped region is connected
to the considered structure from the right. (c) The edge ori-
entation angle β.
tion, a magnetization M = Mex, a distance LS to the
nearest strip(s) [see Fig. 1(b)], and is close enough to
the graphene plane. The induced magnetic field can
be approximately described[7] by the vector potential
AM (r) =
∑
j AMΘ(x − xMj )Θ(xSj − x)ey. Here Θ(x)
is the Heaviside step function, xSj = jL, L = LS + LF
the size of a unit cell, and xMj = x
S
j − LF . The
uniaxial tensile strain is homogeneous in the whole fil-
tering region, i.e., uyy − uxx = u and uxy = 0. It
leads to changes in the nearest-neighbor hopping ampli-
tudes, and can be described by pseudo magnetic vector
potentials.[10, 11] When the edge orientation (the x-axis)
has an angle β with respect to the armchair direction
Ox0 [see Fig. 1(c)], the pseudo vector potential reads
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2AS(r) = ASΘ(x)Θ(L
t − x) with ASy + iASx = ASei3β .
Here AS ∝ u and Lt = nL+LS is the total length of the
filtering region.
In the low-energy continuum approximation, the
Hamiltonian for a given valley is[9] Hξ = vFσ · (p +
eAM + ξAS/vF ), where ξ = ± for the valley K and K ′,
vF is the Fermi velocity, σ = (σx, σy) is the pseudospin
Pauli matrices, and p is the momentum operator. For
brevity, hereafter we express all quantities in dimension-
less form by means of a characteristic length l0 = 10 nm
and energy unit E0 = ~vF /l0 = 56.55 meV. We assume
that the sample width W >> Lt so that edge details are
not important.[12] For an electron with energy E and
incident angle α, the envelope function in each region i
(i = N,S,M) of the building block j has the form
ψij(r) = e
iqy−iξ ∫ x
0
ASx(x)dx[φi+(x)uij + φ
i
−(x)vij ],
φi±(x) = e
±ikix[1, (±ki + iqi)/Ei]T /
√
2. (1)
Here q = E sinα is the conserved transverse momentum,
EN = ES = E, EM = E − U with U being a common
gate voltage on all FM strips, qN = q, qS = q + ξASy,
qM = qS +AM , and ki = sgn(Ei)
√
E2i − q2i .
The wave amplitudes uij and vij are determined from
the continuity of the envelope function and the scattering
boundary condition uN,0 = 1 and vN,n+1 = 0. We write(
uS,j+1
vS,j+1
)
= Mj
(
uSj
vSj
)
,M1 =
(
a b
c d
)
, (2)
where Mj (1 ≤ j ≤ n) is the transfer matrix for the
superlattice unit cell j. By means of the matrix Ui(x) =
[φi+(x), φ
i
−(x)] and the condition ψS,j+1(x
S
j ) = ψMj(x
S
j )
and ψMj(x
M
j ) = ψSj(x
M
j ), one can express Mj as[13]
Mj = U
−1
S (x
S
j )UM (x
S
j )U
−1
M (x
M
j )US(x
M
j ). (3)
From Eq. (3) we get detMj = 1 and the matrix element
M11j = a, M
12
j = τ
j−1b with τ = e−2ikSL, M21j = τ
1−jc,
and M22j = d. Here we have used the identity Ui(x+ l) =
Ui(x)diag{eikil, e−ikil}. The transfer matrix for the finite
superlattice is Nn = Mn...M2M1 = [(an, cn)
T , (bn, dn)
T ].
From the recurrence relation Nj+1 = Mj+1Nj and N1 =
M1, we obtain the matrix elements of Nn [14]
an =
1
2
(Fn +Gn) +
a− τd
2D
(Fn −Gn),
bn
b
=
τn−1cn
c
=
1
D
(Fn −Gn),
τndn =
1
2
(Fn +Gn)− a− τd
2D
(Fn −Gn).
(4)
Here B = a + τd, D =
√
B2 − 4τ , F = (B + D)/2, and
G = (B −D)/2.
The total transfer matrix M =
U−1N (L
t)US(L
t)NnU
−1
S (0)UN (0) determines the valley-
resolved transmission coefficient tξ = uN,n+1 = 1/M
22.
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FIG. 2. (a) and (b) Contour plots of the transmission proba-
bility as a function of the incident energy and incident angle
for valley K and K′. (c)-(f) Valley-resolved conductance, to-
tal conductance (G = GK + GK′), the commonly adopted
polarization definition P = (GK′ − GK)/G, and VDO as
a function of the Fermi energy. VDO relates with P by
P = tanh(V DO ln 10/2), but reflects better the high valley
polarization. The parameters are n = 5, LS = LF = 1,
AS = AM = 1, TP = 0, and β = 0.
The transmission probabilities read
Tξ(E, q) = |tξ|2 =
∣∣∣∣ 4kNkSλaan + λbbn + λccn + λddn
∣∣∣∣2 , (5)
where λa = [−(kN −kS)2−∆2q]e2ikSL
t
, λb = [k
2
N − (kS −
i∆q)
2]e2ikSnL, λc = [−k2N + (kS + i∆q)2]e2ikSLS , λd =
(kN + kS)
2 + ∆2q, and ∆q = qN − qS .
Recent mobility measurements on graphene indicate
that the electron-phonon scattering can be ignored in
the temperature range of 10K-100K.[15] In this range,
the ballistic valley-resolved conductance is given by the
Landau-Bu¨ttiker formula[16]
Gξ(EF , TP ) = G0
∫
dE
−df
dE
∫ |EF |
−|EF |
Tξ(E, q)
dq
2pi/W
, (6)
where f(E) = [1 + e(E−EF )/TP ]−1 is the Fermi-Dirac
distribution function at the temperature TP and the
Fermi energy EF , and G0 = 2e
2/h is the quan-
tum conductance (2 accounts for the spin degeneracy).
The zero-temperature conductance can be rewritten as
Gξ(EF , 0) = MG0
∫ pi/2
−pi/2 Tξ(EF , α) cosαdα, where M =
(|EF |/E0)(W/2pil0) ≡ MEMW is half of the number of
the transverse modes and 2MG0 is the maximal channel
conductance per valley.
In Fig. 2 we present the results for TP = 0 and
β = 0. As the incident energy decreases, the transmis-
sion demonstrates obvious quasi transparent region and
transmission gap [see Figs. 2(a) and 2(b)]. The transmis-
sion gap is divided into two parts by a resonant region of
30.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
 
E
F
 (
E
0
)
-11
-9.6
-8.6
-7.5
-6.4
-5.3
-4.3
-3.2
-2.1
-1.1
0
1.1
2.1
3.2
4.3
5.3
6.4
7.5
8.6
9.6
11
(a)
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
1.2
(b)
 
 
E
F
 (
E
0
)
180 β/pi
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
0 1 2
0
1
2
3
4
5
6
7
 
 
G
 (
M
G
0
)
E
F
 (E
0
)
(c) K
0 1 2
 
 
(d) K’
FIG. 3. (a) and (b) Contour plots of VDO and total con-
ductance as a function of edge orientation angle and Fermi
energy. (c) and (d) GK and GK′ as a function of EF at dif-
ferent β values. From bottom to up, β increases from 0◦ to
60◦ with a step 2◦. For clarity, the conductance curve at β
is offset by 18β/pi. The cases of 34-44◦ (16-26◦) for valley K
(K′) are highlighted by dashed curves. Other parameters are
the same as in Fig. 2.
(n-1)-fold splitting. These observations are typical fea-
tures of a periodic structure, which come from the n-th
power terms in Eq. (4). As a result, the valley conduc-
tance GK′ displays obvious quasi ballistic region, reso-
nant band (∼ MG0), and blocked region (∼ 10−λMG0
with λ ≥ 4) in the Fermi energy windows |EF | > 1.8,
|EF | ∈ (0.3, 1.8), and |EF | ∈ (0, 0.3), respectively [see
Fig. 2(c)]. For valley K, the transmission is suppressed
in a wider energy window |EF | ∈ (0, 0.75) and the con-
ductance in the resonant band becomes smaller. This is
because the total vector potential (AM +ξAS) acting on
K electrons is distinct in amplitude from its counterpart
for K ′ electrons.
A direct consequence is that, when the Fermi energy
falls into the window II marked in panels (d)-(f) of Fig. 2,
the current from valley K is almost totally blocked while
the current from valley K ′ possesses the order of the
maximal channel conductance. Such coexistence of the
blocked region of one valley and resonant band of the
other renders the outgoing current a bulk FVPC (con-
tributed mainly by K ′ electrons). This is clearly re-
flected from the valley difference in orders-of-magnitude
(VDO) of the outgoing currents, V DO = log(GK′/GK)
[see Fig. 2(f)]. In the window I [|EF | ∈ (0, 0.3)], although
the valley polarization is as good as in the window II, the
rather small conductance makes it impossible for either
detection or applications. The generation mechanism is
rather similar to that for the nearly 100% spin-polarized
current in half-metals,[17] i.e., the coexistence of metallic
nature and insulating nature for electrons with opposite
spin orientations. Very recently, a FVPC has also been
predicted in ferromagnetic silicene junctions.[18] Due to
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FIG. 4. (a) Total conductance and (b) VDO as a function
of the Fermi energy at various temperatures. Along the ar-
row, the temperature increases from zero to 60K with a step
6K. For clarity, the conductance curves at TP are offset by
TP /100K. The corresponding values of P are marked by
dashed lines. (c) The two Fermi energy boundaries between
the three windows as a function of the temperature. The
second boundary is shown for P higher than 0.999 999 (•)
or 0.999 999 999 (). Other parameters are the same as in
Fig. 2.
the intrinsic gap, a much simpler single-junction design is
sufficient for the FVPC generation. When the unit cells’
sizes differ, the α and E ranges for resonant tunneling
become smaller meanwhile the transmission is strongly
suppressed.[19] This leads to smaller conductance in nar-
rower resonant bands for both valleys, hence a smaller
FVPC in an operation window at higher energy.
The dependence of the total conductance and valley
polarization on the edge orientation is shown in Fig. 3.
It is evident that the total conductance (polarization)
is a periodic function of β with a period pi/3 (2pi/3).
In addition, VDO is antisymmetric (symmetric) with re-
spect to the angle β = pi/6 (β = 0). These observa-
tions result from the dependence of ASy (= AS cos 3β) on
the edge orientation[20] and the symmetry Tξ(−ASy) =
T−ξ(ASy). Thus it is sufficient to consider only the angle
interval β ∈ [0, pi/6]. Within this range a larger β leads
to a narrower window of Fermi energy where the VDO
is high [Fig. 3(a)]. Actually, for β = pi/6 (the zigzag
direction), the valley polarization completely disappears
because G−ξ(β) = Gξ(pi/3 − β) [Figs. 3(c) and 3(d)]. A
remarkable FVPC (high VDO with substantial G) can
be obtained under β ≈ 0 and relatively high Fermi en-
ergies. It can be also achieved under β ≈ pi/9 and rela-
tively low Fermi energies. Under such β values, electrons
in valley K ′ feel alternate modulations of total vector
potential ∓AS cos 3β along the x direction, which lead
to an almost transparent transmission [dashed curves in
Fig. 3(d)]. In the following we will focus only on the
armchair edge (β = 0).
We now consider the effect of temperature, which is
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FIG. 5. (a) Total conductance and (b) VDO as a function
of the Fermi energy for various structural parameters (where
AS = AM = A) indicated in the figure. In (a) the con-
ductance curves are shifted by a step 0.25 and the curve for
A = 1.5 is enlarged by two times for clearness. TP = 0 and
β = 0.
shown in Fig. 4. The rich oscillations in the conductance
spectrum at zero temperature are gradually smeared out
as the temperature increases. Generally, the valley cur-
rents decrease (increase) with the temperature in the res-
onant bands (blocked regions). This leads to increas-
ing total current in window I and decreasing VDO in
window II (see Fig. 4(a) (b)). As a result, both win-
dows I and II become smaller and disappear with the
increase of temperature (see Fig. 4(c)). These behav-
iors can be understood from Eq. (6). Valley currents
at a finite temperature TP are determined by the zero-
temperature valley currents in an estimated energy range
∼ (EF − 5TP , EF + 5TP ). In this range a dramatic vari-
ation of Gξ(TP = 0) with energy results in an obvious
temperature effect. Nevertheless, we can still obtain a
bulk FVPC in a wide range of Fermi energy at a low
temperature [see Fig. 4(c)].
The tunability of a FVPC source is desirable for val-
leytronic applications. In Fig. 5, we examine the influ-
ences of structural parameters such as the number n of
superlattice units and the strain strength AS . For sim-
plicity, the ratio AS : AM and LS : LF are fixed at 1 : 1.
When n increases from 5 to 10, the total conductance
is lowered slightly and more conductance peaks appear
[see Eq. (4)]. As the optimal VDO increases greatly, we
can obtain bulk FVPC at higher temperatures in an al-
most unchanged energy window. However, the choice of
n should guarantee that the total length is smaller than
the electron mean free path and valley coherent length.
With the increasing of AS , bulk FVPC can appear in a
wider Fermi energy window and the optimal VDO also
increases, while the conductance decreases greatly. Thus
the strain (and magnetization) strength should be chosen
as moderate. All the results above are obtained under
electron-hole symmetry. If this symmetry is broken by
a common negative gate voltage on all FM strips, the
conductance in the hole (electron) region increases (de-
creases) but the VDO decreases (increases). Both the
conductance and VDO curves shift towards the hole re-
gion. As a result, the inclusion of a negative (positive)
electric potential is helpful for obtaining bulk FVPC for
electrons (holes) in lower energy and at higher tempera-
ture.
The injection of a valley-polarized current into a
gapped graphene will lead to a finite Hall voltage.[4] This
mechanism can be utilized to measure the valley polariza-
tion degree of the filtered current [see Fig. 1(b)]. Due to
the effective valley dependent gaps[5] GK′ (GK) changes
slightly to G′K′ (G
′
K) in the detection region. The voltage
between the upper (lower) edge and the middle region V1
(V2) is proportional to G
′
K (G
′
K′).[4] Thus P and VDO
can be respectively reflected by (V2 − V1)/(V2 + V1) and
log(V2/V1), especially when the gap is small. A rather
huge positive (negative) log(V2/V1) is an evidence for
that we obtain a FVPC of valley K ′ (K).
In summary, we have demonstrated that a strained
graphene under the modulation of a finite magnetic su-
perlattice can generate a bulk FVPC. The FVPC appears
in a wide range of edge orientation angles and temper-
ature. The underlying mechanism is the coexistence of
the metallic resonant band and insulating transmission-
blocked region of two valleys in a certain Fermi energy
window. Such a mechanism implies that superlattices
consisting of any valley filtering structures can be used
to generate a FVPC. The FVPC can be effectively con-
trolled by tuning the structural parameters, and may be
used as a high-quality current source of bulk valleytron-
ics. A valley-resolved Hall configuration is suggested to
measure the valley polarization degree of the filtered cur-
rent.
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